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Abstract. We report multi-spacecraft and ground-based ob-
servations of a “sawtooth” event on 20 November 2007. For
this event, data from three THEMIS, two GOES, and four
LANL spacecraft are available as well as those from ex-
tensively distributed ground magnetometers and all-sky im-
agers. In the present paper we focus on the spatial extents
of the electromagnetic and particle signatures of the ﬁrst
“tooth”. In this event, auroral images and ground magnetic
bays showed two activations: a pseudo onset and a ma-
jor onset (we use the term pseudo onset since the former
auroral brightening did not signiﬁcantly expand poleward).
Ground magnetic bay observations indicate that the sub-
storm current wedge (SCW) developed after the major onset
in an azimuthally wide region of ∼14–3h MLT. Similarly,
broad magnetic bay distribution was observed also for the
pseudo onset prior to the major onset. Furthermore, around
the pseudo onset, magnetic dipolarisations were observed
from 0.5 to 5h MLT. These observations illustrate that, dur-
ing sawtooth events, activities following not only the ma-
jor onset but also the pseudo onset can extend more widely
than those during usual substorms. Remarkable electromag-
netic ﬁeld ﬂuctuations embedded in the dipolarisation trend
were seen at 0.5 and 2.5h MLT. In particular, comprehensive
plasma and ﬁeld data from THEMIS showed the presence
of a long-excited weak magnetosonic wave and an impul-
sive large-amplitude Alfv´ en wave with an earthward Poynt-
ing ﬂux at around the eastward edge of the SCW; the lat-
ter was sufﬁciently strong for powering aurora (140mW/m2
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when mapped to the ionosphere). These two activations of
the electromagnetic wave were identiﬁed, corresponding to
the pseudo onset and the major onset. On the other hand,
the dipolarisation at geosynchronous 0h MLT was observed
only after the major onset, despite its closer location to the
centre of the auroral activity in terms of the MLT; this indi-
cates that the inner radial limit of the dipolarisation region
at the pseudo onset was tailward of geosynchronous altitude
at 0h MLT. The outer radial limit of the electron injection
region was also found at ∼10RE by conjunction measure-
ments with THEMIS satellites. These radial distributions are
not signiﬁcantly different to those expected for usual sub-
storms.
Keywords. Magnetospheric physics (Electric ﬁelds; Ener-
getic particles, trapped; Storms and substorms)
1 Introduction
Quasiperiodic oscillations of energetic particle ﬂux (EPF),
the so-called sawtooth event, were identiﬁed more than ten
years ago (e.g., Borovsky et al., 1993; Belian et al., 1995).
The recurrent EPF variations have a periodicity of 2–3h and
can last more than ﬁve cycles (Huang et al., 2003a; Hen-
derson et al., 2006b). Each “tooth” consists of a sharp ﬂux
increase and a subsequent gradual decrease near the geosyn-
chronous region, associated with magnetic dipolarisation.
Although the sudden EPF increase can also be seen dur-
ing isolated substorms, the most signiﬁcant phenomenolog-
ical difference between sawtooth events and isolated sub-
storms is that the former has larger longitudinal extents in
EPF dispersionless enhancement (Henderson et al., 2006a).
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Furthermore, it is well known that the azimuthally broader
distributions are also seen for magnetic dipolarisation (Cai
et al., 2006) and magnetic bays on the ground (Kitamura et
al., 2005). Based on a statistical study with GOES data, Cai
et al. (2006) argued that the dipolarisation is seen from 16h
to 4h MLT, and the initiation is in the sector between 22h
and 0h MLT. Kitamura et al. (2005) deduced the substorm
current wedge (SCW) of a full width (at full maximum) of
∼12h in MLT from ground-based magnetometer data. In
their events, the centres of the SCWs were seen between 18h
and 3h MLT. The above results are more or less consistent in
a sense that these substorm signatures are seen over a broad
azimuthal range, although it is also known that their appear-
ances are not globally simultaneous (see Henderson et al.,
2006a, b).
Whereas the global scale, conspicuous morphologies are
well established, weak activities and short time-scale sig-
natures have been very often ignored due to the long time-
scale nature of sawtooth events. For instance, in the previ-
ous studies, pseudobreakups (pseudo substorm onsets) dur-
ing sawtooth events have not been focused on. It is gener-
ally thought that pseudobreakups are short-lived, weak, and
small in the scale size (cf. Ohtani et al., 1993; Nakamura et
al., 1994). On the other hand, under a deﬁnition that pseu-
dobreakups are substorm-like activities that are not associ-
ated with a signiﬁcant (>2◦) poleward expansion, Aikio et
al. (1999) reported that pseudobreakups did not differ from
usual substorm breakups in the longitudinal extent. This re-
sult casts a question of whether pseudobreakups extend over
the wider-than-usual range during sawtooth events. Such an
issue, however, has not been examined due to the inconspic-
uousness of the weak activities during sawtooth events.
Another issue that has not been extensively addressed is
low-frequency (e.g., Pi2 range) disturbances of the electro-
magnetic ﬁeld and plasma in the near-Earth plasma sheet
around geosynchronous orbit. Although ground Pi2 waves
have been observed over a substantial extent in the azimuthal
direction including high latitudes, (e.g., Henderson et al.,
2006b), the corresponding oscillations in the plasma sheet
have not been examined around geosynchronous altitude; the
absence is caused by the lack of electric ﬁeld instruments and
the sufﬁcient time resolution of plasma measurements.
In the present paper, we report the multi-spacecraft obser-
vations around geosynchronous orbit, as well as the ground
observations, focusingontheﬁrst“tooth”ofasawtoothevent
on 20 November 2007. The fortuitous spacecraft conﬁgura-
tion provides the spatial extents of the magnetic ﬁeld vari-
ations and energetic particle injection regions. In addition
to the LANL and GOES data, THEMIS at postmidnight
geosynchronous altitude provides a full set of particle and
ﬁeld data, which enables detailed analyses of the electromag-
netic ﬁeld variations associated with the global disturbance.
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Fig. 1. Sawtooth-like variations of energetic ions (top two panels)
and electrons (middle three panels). The ﬂux values are plotted
every 10 min. Vertical broken lines are drawn for visual aid. The
Sym-H index is also displayed at the bottom.
2 Observations
2.1 Instrumentation
THEMIS is a constellation of ﬁve satellites (Angelopoulos,
2008). Each satellite has an equatorial orbit and observes
the inner magnetospheric region at every pass. In the present
paper, we utilised data obtained by THEMIS-C (THC), -D
(THD), and -E (THE). THC was the only THEMIS satel-
lite that was located near the nightside geosynchronous re-
gion during the event, while THD and THE were in the dawn
sector at a radial distance of ∼10RE. We used low-energy
particle data obtained by the Electrostatic Analyzer (ESA,
McFadden et al., 2008) and energetic particle ﬂux data ac-
quired by the Solid State Telescope (SST). The electric ﬁeld
and magnetic ﬁeld data are obtained by the Electric Field
Instrument (EFI, Bonnell et al., 2008) and the Fluxgate Mag-
netometer (FGM, Auster et al., 2008), respectively.
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Fig. 2. Solar wind parameters obtained by ACE. The data are shifted by 50 min forward. From top to bottom, the solar wind speed, dynamic
pressure, and three components of the magnetic ﬁeld in the GSM coordinate system.
The LANL and GOES satellites are at geosynchronous or-
bit, and their coordinated (i.e., azimuthally distributed) ob-
servations provide a global picture at 6.6RE. The LANL
satellites acquire plasma data with electrostatic analysers
(Bame et al., 1993), from which the magnetic ﬁeld direc-
tion can be deduced (Thomsen et al., 1996), and also observe
energetic particles with the Synchronous Orbit Particle Ana-
lyzer (SOPA, Belian et al., 1992). The GOES satellites mea-
sure the magnetic ﬁeld.
In order to monitor the solar wind, we used the data ob-
tained by the Solar Wind Electron, Proton, and Alpha Moni-
tor (SWEPAM, McComas et al., 1998) and the Magnetome-
ter instrument (MAG, Smith et al., 1998) onboard the ACE
spacecraft. ACE was located about 233RE upstream of the
Earth during the event studied here.
Auroral and magnetometer data were obtained from
THEMIS Ground-Based Observatories (GBO, Mende et al.,
2008; Russell et al., 2008). We also used magnetometer data
from other stations (INTERMAGNET).
2.2 Global context and ground observations
Figure 1 shows the sawtooth event on 20 November 2007.
Recurrent ﬂux enhancements and gradual decreases at
geosynchronous orbit were seen. The event occurred during
the main phase of a moderate magnetic storm (with a mini-
mum Sym-H index of ∼−65 nT, as shown in the bottom of
Fig. 1). In the present study, we focus on a substorm event
that corresponds to the ﬁrst “tooth” of the sawtooth event
(started at ∼09:00UT).
Figure 2 displays the solar wind parameters in the GSM
coordinate system obtained by ACE. The data are shifted
by 50min forward in order to see their effects on the
Earth’s magnetosphere. The solar wind speed was moder-
ate (∼470km/s) throughout the sawtooth event. Weak sud-
den change of the dynamic pressure was seen at ∼09:35UT,
but there was no signiﬁcant change prior to the initiation of
the ﬁrst tooth (∼09:00UT). Before the ﬁrst tooth onset, the
interplanetary magnetic ﬁeld (IMF) Bz was moderately neg-
ative (∼−5nT), with a strongly negative By (∼−20nT) and
small Bx (0–5nT). After 09:35UT, the strongly negative Bz
persisted until ∼15:00UT, although several northward ex-
cursions were seen. The prolonged southward IMF period
roughly corresponds to the duration of the sawtooth event.
Figure 3 demonstrates the auroral activity for this event.
At ∼09:04:30UT, weak brightenings were seen at KIAN
and WHIT. Although not shown here, a keogram for KIAN
shows a slight poleward expansion that subsided soon
(∼09:05UT). Since this activity was not followed by a large-
scale expansion, we regard it as a pseudobreakup (or pseudo
onset; cf. Aikio et al., 1999, and references therein). From
the auroral images, the major expansion onset time was de-
termined to be ∼09:07:30UT. A possible relation of the prior
activity (i.e., what we call pseudobreakup) to the major on-
set is discussed later. As shown below, both of these two
activities coincided with the magnetic bay appearances at
ground stations. After the major onset, the breakup arc sig-
niﬁcantly expanded poleward, as observed at KIAN (21.5h
MLT), FYKN (22.5h MLT), INUV (23h MLT), and WHIT
(23h MLT). On the other hand, the discrete arc was not
clearly observed at GILL (2.5h MLT).
www.ann-geophys.net/27/3825/2009/ Ann. Geophys., 27, 3825–3840, 20093828 S. Kasahara et al.: Extents of ﬁeld and particle variations
65HSPXUIQIBTF 65QTFVEPCSFBLVQ
65NBJOPOTFU 65QPMFXBSEFYQBOTJPO
65QPMFXBSEFYQBOTJPO 65DPNQMFYTUSVDUVSFT
NPPO
NPPO
MBNQ
CSJHIUFOJOH	NBJOPOTFU

CSJHIUFOJOH
CSJHIUFOJOH
':,/
(*--
3"/,
*/67
8)*5
,*"/
CSJHIUFOJOH	QTFVEPPOTFU

Fig. 3. Selected auroral images obtained by ground observatories. The time step is not constant. The pseudobreakup was seen at KIAN and
WHIT at ∼09:04:30UT, followed by the major onset at ∼09:07:30UT and the subsequent poleward expansion. Some activities were also
seen in the postmidnight sector. In the last two panels, the KIAN station is replaced by the FYKN station for better visibility.
Geomagnetic ﬁeld variations observed at selected stations
are shown in Fig. 4. The top and bottom panels are for sta-
tions at geomagnetic latitudes of ≥60◦ and <60◦, respec-
tively. Small negative (positive) bays at the higher (lower)
latitudes ﬁrst appeared at the pseudo onset (∼09:04:30UT,
the vertical solid line). The bays became much more signif-
icant after the major onset (09:07:30UT, the vertical broken
line) at all stations shown in the ﬁgure, although the initi-
ations at most stations were delayed ∼1min from the ﬁrst
signature at KIAN (21.5h MLT) at 09:07:30UT.
In order to illustrate the local time distribution of magnetic
bays and its development, we plotted magnetic bays at low
latitudes in Fig. 5. Data from ground stations (geomagnetic
latitudes of <60◦) in the Northern Hemisphere were used,
and latitudinal dependence of bay depths was corrected using
the method of Sun et al. (1998). The upper and lower pan-
els, respectively, show the deviations of the magnetic ﬁeld
X (or H) and Y (or D) components; the reference time is
09:04:30UT. The bay distributions after the major onset (at
09:12:00 and 09:24:30UT) are shown in Fig. 5a, and both il-
lustrate the typical signature indicative of the SCW: the mag-
netic ﬁeld X component peaked at the centre of the distribu-
tion with a gaussian-like shape, and the bipolar Y-component
structure with positive values on the westward side. These
are well explained by the pair of the downward and upward
ﬁeld-aligned currents (FACs) on the eastward and westward
sides, respectively (McPherron et al., 1973). The positive
bays were observed at ∼14–3h MLT at 09:12UT. We ﬁt-
ted the X-component distributions with Gaussian, and the
full width at half maximum (FWHM) was determined to be
6.5h in MLT. The SCW’s relatively broad width compared
to those in isolated substorms (∼4h in MLT) is consistent
with the previous results (Kitamura et al., 2005; Clauer et al.,
2006). Furthermore, we note the signiﬁcant eastward shift of
the SCW, whose centre moved by ∼3h in MLT in ∼10min.
The width of the SCW slightly decreased (the FWHM was
6h in MLT at 09:24:30UT).
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Fig. 4. Variations of the magnetic ﬁeld X or H component observed
at selected ground stations. The top panel is for the stations with
geomagnetic latitudes (MLat) of ≥60◦ (400nT/div), while the bot-
tom is for the ones with the MLat <60◦ (20nT/div). The station
codes, their MLT around 09:00UT, and MLat are displayed. The
solid and dotted vertical lines represent the approximate pseudo on-
set time (09:04:30UT) and the major onset time (09:07:30UT), re-
spectively.
The bay distribution after the pseudobreakup (but prior to
the major onset) is shown in Fig. 5b. Although the amplitude
was small (<1nT), the pseudo onset bays show signiﬁcant
azimuthal extent, comparable to the major onset bay distri-
bution. The east-west component distribution (the bottom
panel) was roughly bipolar, while some ﬁne structures were
superposed in the premidnight sector.
Magnetic ﬁeld Pi2 oscillations (period of 40–150s) are
showninFig.6. Atthemajoronset(09:07:30UT),theampli-
tudes suddenly and signiﬁcantly. In a closer look, slight am-
pliﬁcationswerealsoseenatthepseudoonset(09:04:30UT).
However, the earlier signatures were evident only in the dusk
and premidnight sectors (i.e., at KNY, KIAN, GAKO, WHIT,
and PINA). The absence in the other stations would be due
to the smallness of this activity.
2.3 Plasma ﬂow, dipolarisation, and injections around
geosynchronous orbit
The satellite orbits in GSM coordinates during 08:00 to
10:00UT are shown in Fig. 7. The LANL satellites were
located in the postnoon (LANL-02A, L02 hereafter), dusk
(LANL-97A, L97), midnight (1989-046, L89), and dawn
(1994-084, L94) sectors. GOES-11 (G11) and GOES-12
(G12) were in the midnight and dawn sectors, respectively.
THC was on outbound pass and in the postmidnight sec-
tor. THD and THE were in the dawn sector with a larger
radial distance, and also outbound. The x-z plane of Fig. 7
also illustrates the model magnetic ﬁeld lines (Tsyganenko,
2002a, b) on the THC pass for 09:00, 09:10, and 09:20UT,
as a rough guide. An input parameter that is responsible
for the model cross-tail current intensity was tuned for each
time to reproduce the measured magnetic ﬁelds. In the right
and bottom panels of Fig. 7, ion ﬂows perpendicular to the
background magnetic ﬁeld are represented by arrows, every
10min from 08:00 to 10:00UT, and every 30s for the period
of bursty ﬂows (09:00–09:14UT, being smoothed by running
averaging over 200s). Out of the bursty ﬂow period, the du-
rations after the major onset (09:07:30UT) are displayed by
the grey arrows. THD and THE observed ﬂows at >100km/s
before 09:00UT, while the ﬂow speed became less after the
major onset time (09:07:30UT). The ﬂow direction was pre-
dominantly sunward. On the other hand, duskward-dominant
ﬂows were observed by THC before the major expansion
onset. After 09:07:30UT, the ﬂow vector rotated equator-
ward and earthward, suggestive of the satellite motion across
a ﬂow vortex (cf. Keiling et al., 2009).
Figure 8a–c shows the ion ﬂows perpendicular to the am-
bient magnetic ﬁeld and the E×B drift velocities observed
by THC. In order to obtain Ez in the spacecraft frame (in the
direction of the spin axis), we assumed E×B=0. In these
panels, it is seen that the ion ﬂows were in rough agree-
ment with the E×B drift before 09:13UT. The large dis-
agreement after 09:13UT would have been caused by the
contamination by energetic electrons. Penetrating particles
and the bremsstrahlung process generate spurious signals in
the whole energy range, resulting in the underestimation of
the velocity. Ion ﬂows at THD and THE were also consistent
with the E×B drift, although not shown here.
Figure 8d presents magnetic ﬁeld variations at G11
(∼0.5h MLT), THC (∼2.5h MLT), and G12 (∼4.5h MLT),
by plotting elevation angles (tan−1(BH/
q
B2
V+B2
D) and
tan−1(Hp/
p
H2
e +H2
n)) as a measure of dipolarisation. Here
we used VDH coordinates for THEMIS; H is antiparallel
to the Earth’s dipole axis (positive northward), D denotes
the azimuthal direction (positive eastward), and V completes
the orthogonal coordinates and is positive outward from the
centre of the Earth. For the GOES magnetic ﬁeld, we used
the coordinates comprised of the northward (Hp, perpendic-
ular to the satellite orbit plane), the earthward (He, normal
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Fig. 5. Longitudinal distributions of the magnetic bays at low-latitude stations associated with (a) the major onset and (b) the pseudobreakup.
The variations of the H or X components from 09:04:30UT are shown in the top panel, while those of the D or Y components are in the
bottom panel.
to Hp), and the eastward (Hn, normal to Hp and He compo-
nents). The elevation angle at THC was smaller than those
at G11 and G12; this indicates the fact that THC was located
rather northward of the magnetic equator, compared to G11
and G12. THC (2.5h MLT) observed the initiation of dipo-
larisation almost simultaneously with the pseudo onset (at
09:04:30UT). Similarly, G11 (0.5h MLT) detected the initi-
ation of magnetic ﬁeld change at ∼09:04:30UT. Then, after
09:07:30UT (the major onset time), an intermission of dipo-
larisation and a subsequent sporadic dips occurred, super-
posed on the gradual dipolarisation trend. G12 (4.5h MLT)
also detected a slight increase in the elevation angle around
the major onset (the signature began earlier than the major
onset).
Figure 8e shows the magnetic ﬁeld elevation angle at L02
(∼14h MLT), L97 (∼19h MLT), L89 (∼0h MLT), and L94
(∼6.5h MLT), inferred from the low-energy plasma temper-
ature anisotropy (cf. Thomsen et al., 1996): only reliable
electron data are plotted (the criteria are: Tk/T⊥<0.85 or
>1.15 and 0.93<T⊥/Tmid<1.07; Tk=T1, Tmid=T2, and T⊥ is
the average of T2 and T3, where T1, T2, and T3 are the three
eigenvectors produced by the diagonalisation of the temper-
ature matrix and T1 is most different to other two values).
L89 (0h MLT) observed magnetic dipolarisation that started
at ∼09:09UT, while other LANL satellites did not observe
any signiﬁcant increase of the elevation angle around the on-
sets. The initiation was delayed from those at G11 and THC
(09:04:30UT), indicating that L89 was away from the ini-
tial dipolarisation region that initiated around the pseudo on-
set. This absence of the dipolarisation in the midnight sec-
tor (at L89) and the presence in the postmidnight and dawn
sectors is apparently inconsistent with the aurora that was
more active in the dusk and premidnight sectors. This issue
is discussed later (in Sect. 3.2). Due to the poor time resolu-
tion (86s), the presence of the rapid magnetic ﬁeld variations
(e.g., dips, such as those observed by G11) was not examined
for LANL data.
Figure 8f and g shows EPF variations for ions (∼140keV)
and electrons (∼130keV), respectively, observed by the
three LANL satellites and THC. Prior to the pseudo on-
set, L89 and L94 continued to observe the almost constant
ﬂuxes at levels of ∼150 (cm2 srkeVs)−1 for ∼140keV ions
and ∼500 (cm2 srkeVs)−1 for ∼130keV electrons. We call
these reference values “pre-injection levels” of the above en-
ergy channels around nightside geosynchronous orbit, since
the constant levels persisted for more than 1h prior to the
onset (see Fig. 1). L97 also observed the pre-injection levels
before the gradual decrease due to the growth-phase plasma
sheet thinning (see the ﬂux level at ∼07:00UT in Fig. 1). For
ions, L02 (14h MLT) detected a higher level, probably due
to the observation at a different drift shell from other LANL
satellites.
After the major onset, L89 (0h MLT) observed ion and
electron enhancements over the pre-injection levels. At the
location of L97 (19h MLT), the ion ﬂux enhanced over
the pre-injection level, while the energetic electron ﬂux
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(>100keV) recovered to the pre-injection level without a
signiﬁcant net increase. L94 (6.5h MLT) observed a gradual
ﬂux enhancementof electrons with energy dispersion (shown
later). The ion and electron ﬂuxes at THC (2.5h MLT)
started to increase around 09:04:30UT and temporarily sus-
pended with the intermission of the dipolarisation (∼09:08–
09:10UT,seeFig.8d). After09:10UT,theenergeticelectron
ﬂux at THC signiﬁcantly enhanced over the pre-injection
level. The ion ﬂux also rose slightly compared to the pre-
injection level.
Some of the energetic particle ﬂuxes varied in two stages
(Fig. 8f and g). The L97 ion ﬂux ﬁrst enhanced over the
pre-injection level by 09:10UT, and the second increase
started at ∼09:13UT. The L89 electron ﬂux slightly dipped
at ∼09:06UT, followed by the signiﬁcant enhancement at
∼09:11UT. These are likely to correspond to the two auro-
ral activations at 09:04:30UT and 09:07:30UT; note that the
geosynchronousinjectiontime relativetothe auroralbreakup
initiation is typically −2 to +8min (Liou et al., 2001). For
other ﬂux data, variations were small and/or complex and
thus it is difﬁcult to ﬁnd clear correspondence with two au-
roral activities.
For the identiﬁcation of energy-dispersive and dispersion-
less injections, we plot the energetic particle ﬂuxes observed
byLANLforvariousenergychannelsinFig.9. Verticalsolid
lines indicate the timing of the initiation of the signiﬁcant
ﬂux increase at the highest energy channels shown here. It
is seen that the ﬂux recoveries and enhancements at L97 and
L89 were dispersionless (both for ions and electrons), while
enhancements at L02 and L94 were rather energy-dispersive.
The second rise of L97 ion ﬂux was overlapped by the ﬁrst
enhancement (∼09:13UT).
In Fig. 10, we plot the variation of the energetic particle
ﬂuxes (blue for ∼140keV ions and green for ∼130keV elec-
trons) after the injection (ﬁlled for 09:11:30UT and open
for 09:17:00UT), in order to roughly show the azimuthal
extent of the energetic particle injection regions. The val-
ues were normalised by the nightside pre-injection levels
described above. Only for L02 (14h MLT), the ﬂux at
08:00UT was used as a reference value instead of the night-
side pre-injection levels, since it observed a different pre-
injection level. The broadening of the azimuthal widths from
09:11:30UT (ﬁlled) to 09:17:00UT (open) was mainly due
to the energetic particle azimuthal drift; it is strongly indi-
cated by the energy dispersions shown in Fig. 9.
It should be noted that in Fig. 10 the ﬂux variations of
pseudo-onset origin and major-onset origin may have been
mixed, due to the difﬁculty of clear separation. Nevertheless,
Fig. 10 roughly shows the ﬂux enhancement region during
this substorm event.
2.4 Particle signatures and dipolarisations observed by
THEMIS
Figure 11a shows magnetic elevation angles observed by
THC (green), THD (red), and THE (blue). The elevation
angle of THC is identical to that plotted in Fig. 8d. THD
and THE also experienced the elevation increase in the same
manner as THC did, despite their distance from the centre of
the magnetic bays and the injection regions. The initiation
was earlier at THD and THE (∼09:03UT), while the varia-
tions were very similar. It should also be noted that the in-
crease of the elevation angle started at THD and THE earlier
thanatG12(4.5hMLTgeosynchronousaltitude), suggesting
that the dipolarisation propagated earthward.
Figure 11b displays the energy-time spectrograms for
electrons obtained by THC. The energetic electron ﬂux en-
hancement from ∼09:11 to 09:13UT was dispersionless,
while more signiﬁcant increase was seen after 09:13UT with
considerable energy dispersion. This indicates that THC was
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Fig. 7. (a) and (b) Orbits of the satellites in GSM coordinates from 08:00UT to 10:00UT on 20 November 2007. THEMIS-C, D, and E were
outbound at the corresponding time. Green dotted lines in the panel (a) indicate the model ﬁeld lines on which THEMIS-C was located at
each time. Right and bottom panels (c), (d), (e), and (f) are enlargements of the THEMIS orbit, with ion ﬂows (perpendicular to the magnetic
ﬁeld) shown by arrows.
inside the electron injection region, although the peak of the
electron-enhanced region was rather westward.
After 09:15UT, THD and THE also observed energetic
electron injections with energy dispersion (Fig. 11c and d).
The ﬂux levels of the energetic electrons (>30keV) at THD
and THE were much lower than those at THC. Similarly, the
ﬂux level was lower at THD than at THE. These facts in-
dicate that the enhancement of the energetic electron ﬂux
is lesser at larger radial distances from the Earth (see also
Fig. 7).
The outer radial limit of the energetic particle ﬂux en-
hancement has been suggested observationally (e.g., Friedel
et al., 1996) for non-sawtooth substorms. Furthermore, the
similar location of the outer limit around 10–15RE from the
Earth was well reproduced in substorm-injection simulations
by Birn et al. (1997b, 1998). Therefore, it can be stated that
the radial proﬁle of the sawtooth-time injection is similar to
non-sawtooth injections.
2.5 Electromagnetic ﬁelds at THEMIS-C
Let us now focus on the electromagnetic ﬁeld variations ob-
served by THC. The top panel of Fig. 12 shows the mag-
netic ﬁeld data. The vertical solid and broken lines indicate
the times of the pseudobreakup (09:04:30UT) and the major
onset (09:07:30UT), respectively. Large-amplitude ﬂuctu-
ations in all three components of the electromagnetic ﬁeld
were prominent. It is important to note that these ﬂuctua-
tions started at ∼09:01UT; it is more than 3 min prior to the
pseudobreakup (at 09:04:30UT).
Another distinctive feature is the drastic change of the
By component after 09:04:30UT. It provides important
information on the FAC. The ﬁrst pair of the increase
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tion angles of the magnetic ﬁeld obtained by LANL. (f) and (g) En-
ergetic ion and electron ﬂuxes. The times of the pseudo substorm
onset (09:04:30UT) and the major onset (09:07:30UT) are indi-
cated by the solid and dotted black lines, respectively.
(08:58–09:03UT) and decrease (09:03–09:07:30UT) of the
By is a signature of the typical FAC pair of the upward ﬁeld-
aligned (R2) current and the downward ﬁeld-aligned (R1)
current (cf. Fujii et al., 1994). THC was moving outward
(poleward) and thus ﬁrst observed the R2 current (repre-
sented by the By increase), which was located equatorward
of the R1 current, and then observed the R1 current (repre-
sented by the By decrease). A jump of the By component
at 09:07:30UT indicates the enhancement of the downward
current. The large-scale positive slope after the major on-
set 09:07:30UT indicates the poleward motion of the cur-
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Fig. 9. Energetic particle ﬂuxes with different energy channels ob-
served by LANL satellites. Top three panels are for ions, and the
bottom for electrons. Vertical solid lines indicate the timing of the
ﬂux increase initiation at the highest energy channels shown here.
The L89 ion ﬂux for 75–133keV was not obtained for this period.
rent system associated with the plasma sheet expansion (i.e.,
the relative motion of the spacecraft was reversed to equator-
ward).
The electric ﬁeld disturbance began before 09:04:30UT
(Fig. 12b), similar to the magnetic ﬁeld. Large-amplitude
ﬂuctuations were seen, and one of the most prominent spikes
of the Ez component (∼09:09:30UT) was coincident with
the spike of the By component, indicating its electromagnetic
nature.
Pi2 range ﬂuctuations of the electromagnetic ﬁelds and
Poynting ﬂux (Sk and S⊥, for the components parallel and
perpendicular, respectively, to the ambient magnetic ﬁeld)
are shown in Fig. 12c, d, and e (the pass band is 40–150s).
Some oscillations started to grow at ∼09:01UT, as men-
tioned above. Before 09:03UT, however, the amplitudes
were small, and the Poynting ﬂux was negligible. After
09:03UT (yet prior to the pseudobreakup), the Poynting ﬂux
became larger, and the parallel component was toward the
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Earth (note that positive value means earthward). At around
09:04:30UT, the peak value of the parallel Poynting ﬂux (Sk)
was ∼0.01mW/m2. Since the magnetic ﬁeld strength was
∼70nT and ∼56000nT at THC and the ionospheric map-
ping point, respectively, the observed ﬂux is multiplied by
800 if we scale it along converging magnetic ﬁeld lines to the
ionosphere, and thus the Poynting ﬂux becomes 8mW/m2 in
the ionosphere.
More signiﬁcant Poynting ﬂux began at 09:08:30UT.
The peak was found at ∼09:09:30UT; the value was
∼0.17mW/m2, and became 140mW/m2 when mapped to
the ionosphere.
The E-to-B ratio of ∼0.8mV/m/nT corresponds to the ve-
locity of ∼800km/s. If this electromagnetic ﬂuctuation is
Alfv´ enic, thisvalueshouldagreewiththelocalAlfv´ enspeed.
Assuming that all ions are protons, the in situ Alfv´ en speed
can be calculated with the magnitude of the magnetic ﬁeld
of ∼70nT and the density of ∼1cm−3 to be 1400km/s; it is
much larger than the observed E-to-B ratio. However, it is
well known that the near-Earth plasma sheet is oxygen-rich,
especially for storm times. The observed E-to-B ratio agrees
to the the Alfv´ en speed with 15% oxygen ions (in the num-
ber density), and this content is typical during storm times
(cf. Balsiger et al., 1980). Therefore, the large-amplitude
electromagnetic ﬂuctuation around ∼09:09:30UT can be ex-
plained by Alfv´ en wave. In addition, we conﬁrmed that the
E-to-B ratio in the frequency domain increased with the fre-
quency above ∼0.1Hz (not shown here); this is a well known
signature for kinetic Alfv´ en waves (e.g., Stasiewicz et al.,
2001). On the other hand, the E-to-B ratio in the Pi2 range of
0.8mV/m/nT corresponds to the conductivity of ∼1S, which
is rather small to be interpreted as the Pedersen conductivity
around the eastern edge of the SCW (Gjerloev et al., 2000,
and references therein). Therefore the observed electromag-
netic ﬂuctuation is not likely to be associated with the quasi-
static ﬁeld-aligned current, and this fact supports our conclu-
sion that the ﬂuctuation is Alfv´ enic.
It should also be noted that the Pi2 wave proﬁle at GILL
(2.5h MLT) did not show similar ampliﬁcation with that of
the Alfv´ en wave at THC (started at 09:08:30UT and ended
at 09:10:30UT). Thus, the correspondence between the ob-
served Pi2-range waves in the magnetosphere and the iono-
sphere is unclear for this event. However, it is likely that the
Alfv´ en wave observed by THC was launched at around the
equator, since no negative (i.e., equatorward) Poynting ﬂux
was observed.
The presence of the slow-mode magnetosonic (MS) wave
is also indicated by the anticorrelation between the ion pres-
sure and the magnetic pressure (the bottom panel of Fig. 12).
Here the ion pressure was calculated from the low-energy ion
data obtained by the ESA; the energetic particle ﬂux (SST
data) was not included because of the lack of the complete
calibration for moment calculation. However, judging from
the preliminary data, contribution to the total ion pressure
from the SST energy range does not substantively change
the result. The slow-mode MS wave was initiated well be-
fore the pseudo onset time and continued over the displayed
time period.
In summary, the large-amplitude electromagnetic ﬁeld
ﬂuctuations in the perpendicular directions are well ex-
plained by the Alfv´ en wave, while the presence of the slow-
mode MS wave is also indicated.
3 Discussion
3.1 Longitudinal extent of magnetic bays
We illustrated the two magnetic bay developments; one is the
weak signature at 09:04:30UT (we call it pseudobreakup),
and the other is the more salient signature after 09:07:30UT
(the major onset).
For the period after the major onset, we have shown the
local time distribution of the magnetic north-south (X or H)
andeast-west(YorD)deviationsinFig.5a. Thesinglebump
shape of the north-south deviations and the bipolar structure
of the east-west components are in agreement with the SCW
model (McPherron et al., 1973). The negative excursion of
the north-south component at the edge of the Gaussian-like
distribution is attributed to the fact that the station was east-
ward (westward) of the downward (upward) FACs. The wide
distribution(FWHM∼6.5hinMLT)seeninthiseventissim-
ilar to the previous results (Kitamura et al., 2005; Clauer et
al., 2006).
In addition to the wide distribution of the magnetic bays,
we found the eastward shift of the distribution. Figure 5a
shows that the centre of the SCW moved eastward by ∼3h in
MLT in about 10min, while the longitudinal extent became
slightlynarrower. Thisresultcontrastswiththeconclusionof
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Fig. 11. (Top) Magnetic ﬁeld elevation angles at THEMIS-C (green), D (red), and E (blue). (Bottom) The electron energy-time spectrograms
obtained by SSTs and ESAs.
Kitamura et al. (2005); they examined six SCWs in the saw-
tooth event on 18 April 2002 and concluded that the peak of
the SCW did not move for the time scale of tens of minutes.
The present result is rather similar to the result of Hender-
son et al. (2006b). The apparent SCW eastward shift may
correspond to the eastward shift of the plasma sheet activity
and/or the topological change of the magnetic ﬁeld.
A signiﬁcant result here is the broad azimuthal extent of
pseudobreakup magnetic bays. The pseudobreakup events
often show small scale size (e.g., Ohtani et al., 1993; Naka-
muraetal., 1994). AlthoughKoskinenetal.(1993)presented
an event in which the ionospheric active region covered sev-
eral hours of magnetic local time, it was still comparable
to usual isolated substorms. In our event, however, the az-
imuthal extent of the pseudobreakup magnetic bay distribu-
tion was about twice as broad as those in usual substorms.
The downward FAC at 2.5h MLT was observed by THC
at the pseudo onset. This is consistent with the interpretation
thatthemagneticbaysrepresentthelarge-scaleSCWsystem.
3.2 Spatial extent of dipolarisation
G11 (0.5h MLT), THC (2.5h MLT), and G12 (4.5h MLT)
observed the initiation of magnetic ﬁeld dipolarisations
around the pseudobreakup (09:04:30UT). THD and THE
also observed magnetic elevation increases in the dawn sec-
tor (∼4.5–5h MLT) that started before the pseudobreakup.
Following the major onset (09:07:30UT), L89 (0h MLT) ﬁ-
nally observed the initiation of geosynchronous dipolarisa-
tion (with the delay of 1–2min from the major onset). Dipo-
larisations at G11 (0.5h MLT), THC (2.5h MLT), G12 (4.5h
MLT), THE (4.5h MLT) and THD (5h MLT) also continued
after the major onset.
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The dipolarisation from the midnight to the dawn sec-
tor started around the pseudobreakup (09:04:30UT). It was
well before the major expansion onset (09:07:30UT) and the
dipolarisation at the L89 location (0h MLT).
The absence of the pseudo onset dipolarisation at L89 can
be explained in terms of the radial distribution. It is likely
that the midnight dipolarisation (0h MLT) started slightly
tailward of L89. This interpretation is consistent with the
fact that a typical location of the dipolarisation initiation re-
gion is X∼−7RE–−10RE (Miyashita et al., 2009). Almost
the same discussion can be found in Ohtani et al. (1993),
in which a signiﬁcant dipolarisation was absent at geosyn-
chronous orbit inside the SCW.
In summary, the dipolarisation region around the pseudo
onset was observed between ∼0.5 and ∼5h MLT, and it
engulfed the satellite at 0h MLT after the major onset
(09:07:30UT). The western edge of the dipolarisation region
after the major onset was eastward of 19h MLT at geosyn-
chronous altitude. The dipolarisation region was pronounced
far outside geosynchronous orbit at least in the dawn sector,
and the same is also suggested in the midnight sector.
3.3 Spatial extents of the injection regions
In Fig. 10, the discrepancy between the injection proﬁles
of ions and electrons is clearly seen. Such a split structure
was previously documented (Reeves et al., 1991; Birn et al.
1997a; Thomsen et al., 2001). The split can be attributed to
the curvature/gradient (c/g) drift of energetic particles.
Thedispersionlessinjectionswereobservedat19hand0h
MLT for ions, and at 0h and 2.5h MLT for electrons. The
centre of these distributions roughly corresponds to the SCW
centre. The location of the centre further supports the strong
dipolarisation in the premidnight sector tailward of geosyn-
chronous orbit, which was discussed in Sect. 3.2.
The outer limit of the injection region was indicated by
the simultaneous measurements with THC, THD, and THE;
the farther satellites away from the Earth observed the less
enhancement of the energetic electron ﬂux. This is similar to
the suggestion by Friedel et al. (1996) and simulation result
by Birn et al. (1998). Although their studies did not focus
on sawtooth events, our result illustrates that their results can
also be applied to sawtooth-time injections.
3.4 Pseudobreakup during the Sawtooth event
Magnetospheric and ionospheric activities following pseudo-
breakups (pseudo substorm onsets) are typically observed in
a rather narrow longitudinal range, compared to those after
usual substorm onsets (e.g., Ohtani et al., 1993; Nakamura
et al., 1994). Although Koskinen et al. (1993) reported a
pseudobreakup event that displayed the ionospheric activity
extending over several hours of magnetic local time, the ex-
tentwasstillcomparabletousualsubstorms. Similarly, inthe
study by Aikio et al. (1999), the longitudinal extents of pseu-
dobreakup phenomena were comparable to usual substorms.
Thepresentobservations, however, demonstratethewider-
than-usual extent of dipolarisation and magnetic bays asso-
ciated with a pseudobreakup; the widths were comparable to
those during sawtooth-time substorms. Although the mag-
netic ﬁeld Pi2 ﬂuctuations at ground stations were weak and
not clearly observed over the wide azimuthal range, magne-
tospheric electromagnetic disturbance was observed by THC
(2.5h MLT) around the pseudobreakup (09:04:30UT) with a
small earthward Poynting ﬂux (Sk∼0.01mW/m2). The initi-
ation of the electromagnetic disturbance was ∼90s prior to
the pseudo onset, which is of the order of the Alfv´ en tran-
sit time. These results indicate that pseudobreakup events
during sawtooth events can extend over broad longitudinal
range, and suggest that the plasma sheet prior to the major
onset is unstable over the wide azimuthal range during the
sawtooth events, in comparison with usual substorms.
3.5 Dawn-to-dusk electric ﬁeld
The earthward ﬂows (i.e., the positive vx and vy, and nega-
tive vz) were observed by THC from ∼09:05 to ∼09:09UT,
and they were due to the E×B drift for components perpen-
dicular to the ambient magnetic ﬁeld (Fig. 8a–c). However,
the earthward E×B velocity was only comparable to the az-
imuthal velocity of the c/g-drifting 100keV particles in the
dipole ﬁeld at geosynchronous orbit (∼50–70km/s; cf. Ham-
lin et al., 1961), and the ratio of the E×B velocity to the c/g
drift velocity is rather smaller in the stretched magnetic ﬁeld
(cf. Henderson et al., 2006b). Thus, it is not surprising that
the ion ﬂux at THC had little enhancement compared to the
pre-injection level (Fig. 8f) and the signiﬁcant electron ﬂux
enhancement at THC was brought only via the injection in
the midnight sector (Fig. 8g), although the weak dispersion-
less injection was also seen (Fig. 11b).
On the other hand, signiﬁcant dispersionless injections of
energetic ions and electrons were observed by satellites in
the dusk to midnight sectors. This difference from the post-
midnight (the THC location) sector is attributed to the in-
tensity of the dawn-to-dusk electric ﬁeld; it is likely that the
inductive electric ﬁeld was much stronger near the centre of
the injection region (the premidnight sector). However, it is
difﬁcult to address the relationship between the injection re-
gions and the dawn-to-dusk electric ﬁeld distribution, since
there were no electric ﬁeld measurements in the premidnight
sector for the present event.
3.6 Electromagnetic ﬁeld ﬂuctuation at THEMIS-C
There are intense debates about whether sawtooth events
consist of substorms or other magnetic disturbances. Lee
et al. (2004) examined four sawtooth events and discussed
that the observed signatures are unlikely to be those of sub-
storms and rather they are directly driven by solar wind
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pressure increases. Lyons et al. (2005) also emphasised the
importance of the dynamic pressure effect; they argued that
the merging of the substorm component and pressure-driven
component is essential for the wide azimuthal extents of the
auroraandothersignaturessuchasthecurrentwedge. Onthe
other hand, there are many studies concluding that sawtooth
eventsaremainlycomposedofsubstormswiththewidersub-
storm signatures (e.g., Huang et al., 2003b; Lui et al., 2004;
Henderson et al., 2006a).
The present event is categorised as the latter, since no dy-
namic pressure increase was found in the solar wind around
the onset, and the electromagnetic ﬁeld ﬂuctuations observed
near geosynchronous orbit prior to and after the major onset
(09:07:30UT) were very similar to those reported as sub-
storms in the literature. Maynard et al. (1996) studied six
substorms with CRRES data (5<L<7), and for all events
they found the dusk-to-dawn excursions of the electric ﬁeld
prior to the substorm expansion onset. Such a signature was
also seen in our event. The dawnward electric ﬁeld (a few
mV/m, similar to the result of Maynard et al.) was seen be-
fore 09:04:30UT (Fig. 12).
Erickson et al. (2000) also noted similar eastward dips
of the electric ﬁeld ∼1–10min prior to the initiation of the
SCW formation in other CRRES data sets. Furthermore,
they showed the signiﬁcant earthward Poynting ﬂuxes that
appeared just after the intensiﬁcation of the magnetic bays.
Also in the present event, such a signature was observed by
THC (Fig. 12). The earthward Poynting ﬂux suddenly en-
hanced at 09:08:30UT. The peak value was capable of pow-
ering aurora (140mW/m2, mapped to the ionosphere). The
large Poynting ﬂux was Alfv´ enic, while the slow-mode MS
waves were also seen.
The above authors argued that the initiation of dipolari-
sation and weak magnetic bays are prior activities that lead
to the explosive onset, which is characterised by the intense
earthwardPoyntingﬂuxandmoresigniﬁcantbays. Fromthis
point of view, the prior activity in our event, which we call
pseudobreakup, can have signiﬁcant relation with the major
onset, rather than the independent activity. In fact, the ob-
served initiation of dipolarisation and shallow magnetic bays
during the prior activity (from 09:04:30UT) are similar to
those after the “local onset” in Erickson et al. (2000), fol-
lowed by the explosive onset.
Maynard et al. (1996) and Erickson et al. (2000) showed
electric ﬁeld data predominantly near the substorm onset re-
gion in the premidnight sector. In fact, for isolated sub-
storms, intense electric ﬁeld disturbances are expected to be
observed only near the onset region. For sawtooth-times, on
theotherhand, itisnaturaltoexpectelectricﬁeldﬂuctuations
to be observed azimuthally far from the centre of the SCW,
since magnetic dipolarisations and the SCW show broad dis-
tributions in MLT. However, the electric ﬁeld around geosyn-
chronous orbit has not been extensively addressed due to the
lack of the electric ﬁeld instrument.
TheTHCobservationinthepresenteventshowedthedras-
tic electromagnetic ﬂuctuations near the eastward edge of the
broad SCW. The separation from the centre of the SCW was
∼5.5h in MLT. This fact implies that inner-magnetospheric
plasma sheet activity, such as the slow-mode MS wave and
the large-amplitude Alfv´ en wave, are seen over a broad az-
imuthal range.
On the other hand, the radial distribution of such elec-
tromagnetic ﬂuctuations during sawtooth events is still un-
known. Lui et al. (2004) surveyed the behaviour of the mag-
netotail (X<−20RE) during a sawtooth event, and found
that there were some sawtooth activations that were not ac-
companied by any signiﬁcant electromagnetic ﬂuctuations in
the plasma sheet. The result led the authors to the argument
that the plasma sheet activity is localised even in the saw-
tooth event. Since the observation by Lui et al. (2004) was
conducted more than 15RE tailward of geosynchronous or-
bit, future studies for the radial extent of the plasma sheet ac-
tivity that cover X∼−10–15RE during sawtooth events are
required.
4 Summary
We examined a sawtooth event with multiple spacecraft and
the aid of ground stations. We restricted our analysis to the
ﬁrst “tooth” of the event, and our focus is on the spatial dis-
tributions of particle signatures and ﬁeld variations, as well
as ﬁne structures and short time-scale signatures embedded
in the sawtooth event.
From ground observations (auroral and magnetome-
ter data), two activations were illustrated. The ﬁrst
magnetic bays and auroral brightening were observed at
∼09:04:30UT, which we call pseudo onset (breakup). The
second (deeper) magnetic bays and auroral breakup ac-
companied by the poleward expansion were initiated at
∼09:07:30UT, which we regard as the major onset time.
Themagneticbaysafterthemajoronsetshowedthewider-
than-usual azimuthal extent (∼14–3h MLT) and the centre
around 21h MLT (later shifted to 0h MLT). Furthermore,
the magnetic bay distribution associated with the pseudo on-
set (or the prior activation) also extended over the wide mag-
netic local time range, although the magnitude was rather
small. We also observed magnetic dipolarisations around the
pseudo onset (09:04:30UT) in the postmidnight and dawn
sectors (between 0.5h MLT and 5h MLT). These observa-
tions indicate that the pseudobreakup activity (or it can be
called prior activity) develops over a broad azimuthal range
during sawtooth events. It suggests that during sawtooth
events the plasma sheet prior to the major onset is unstable
over a broad longitudinal range compared to isolated sub-
storm cases.
Thedipolarisationatgeosynchronousorbitat0hMLTwas
observed only after the major onset, while dipolarisations in
the postmidnight and dawn sectors continued. The absence
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Fig. 12. (a), (b) Magnetic and electric ﬁeld components measured by THEMIS-C, (c), (d), and (e) ﬁltered (40–150s range) ﬁelds and
Poynting ﬂux, and (f) the magnetic and plasma pressures. The pseudobreakup (09:04:30UT) and the major onset (09:07:30UT) are indicated
by vertical lines.
of the dipolarisation at geosynchronous altitude before the
major onset indicates that the inner radial limit of the dipo-
larisation region did not reach the geosynchronous satellite
at the local midnight around the pseudo onset.
Injection regions of the energetic ions and electrons were
displaced against each other; the dispersionless injection was
observed at 19 and 0h MLT for ions and at 0 and 2.5h MLT
for electrons. The conjunction measurements by THC, D,
and E revealed that the outer limit of the electron injection
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region was located around 10RE, which is similar to what is
expected for non-sawtooth cases.
THC observed the electromagnetic ﬁeld ﬂuctuations and
associated Poynting ﬂux around the pseudobreakup and the
major onset, despite its location (∼5.5h eastward of the
SCW centre). The presence of slow-mode MS and Alfv´ en
waves was identiﬁed; the earthward ﬁeld-aligned Poynting
ﬂux (140mW/m2 when mapped to the ionosphere) of the
Alfv´ en wave was seen after the major onset.
In this study, we could not address the azimuthal distri-
bution of the equatorial electric ﬁelds especially around the
centre of the injection regions, and thus further studies are re-
quired to acquire the overall picture of sawtooth events. Mul-
tipoint observations of ﬁeld/particle instruments with other
suitable alignments (e.g., another THEMIS satellite around
premidnight geosynchronous region as well as more tailward
regions), will unveil spatio-temporal relationships between
ﬁelds and particles during sawtooth events more comprehen-
sively.
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